Intumescence injury is a physiological disorder characterized by watery tumors on a leaf surface associated with abnormal cell enlarge ment and cell division. This problematic intumescence injury has been observed on susceptible cultivars of tomato when grown under an ultraviolet radiation (UV) deficient light environment. In this study, different doses of UV-B radiation were applied after each photoperiod for 'Beaufort' interspecific tomato rootstock seedlings (Solanum lycopersicum × S. habrochaites) grown under light emitting diodes (10% blue and 90% red photon flux). The percent number of leaves exhibiting intumescences on leaves decreased linearly with increasing UV-B dose (measured in a 300-320 nm range) in the range examined (0-6.7 mmol m ), less than a UV-B dose received outdoors on a typical clear summer day. This level of UV-B is achievable under T12-type fluorescent lamps which emit more UV-B and explains why we typically do not see intumescence under T12 fluorescent lighting. The results obtained in this study will help to avoid intumescence in tomato plants grown under controlled environments.
A B S T R A C T
Intumescence injury is a physiological disorder characterized by watery tumors on a leaf surface associated with abnormal cell enlarge ment and cell division. This problematic intumescence injury has been observed on susceptible cultivars of tomato when grown under an ultraviolet radiation (UV) deficient light environment. In this study, different doses of UV-B radiation were applied after each photoperiod for 'Beaufort' interspecific tomato rootstock seedlings (Solanum lycopersicum × S. habrochaites) grown under light emitting diodes (10% blue and 90% red photon flux). The percent number of leaves exhibiting intumescences on leaves decreased linearly with increasing UV-B dose (measured in a 300-320 nm range) in the range examined (0-6.7 mmol m −2 d −1 or 0-2.6 kJ m −2 d −1 achieved by 0.31 μmol m −2 s −1 or 0.12 W m −2 UV-B photon flux for 0-6 h). The severity of intumescence injury was also linearly decreased by increasing UV-B dose. The intumescence incidence as well as severity was the highest in the non-treated control (66.0% leaves showing injury and 2.5-3.8 severity score out of 5) and the lowest (36.1% leaves showing injury and 0.6-1.6 severity score) at the highest dose of 6.7 mmol m ), less than a UV-B dose received outdoors on a typical clear summer day. This level of UV-B is achievable under T12-type fluorescent lamps which emit more UV-B and explains why we typically do not see intumescence under T12 fluorescent lighting. The results obtained in this study will help to avoid intumescence in tomato plants grown under controlled environments.
Introduction
Solar radiation contains a small amount of UV-B (less than 0.5% relative to photosynthetic photon flux). Although excessive UV-B is harmful due to directly damaging DNA, membranes and proteins (Frohnmeyer and Staiger, 2003; Jenkins, 2009; Zlatev et al., 2012) , ambient or lower levels of UV-B have important biological functions such as induction of secondary metabolites (Jenkins, 2009; Hectors et al., 2012) , morphological change (Jansen, 2002; Hectors et al., 2010) , and increase of resistance to pathogens (Austin and Wilcox, 2012; Demkura and Ballaré, 2012) . For example, Hectors et al. (2012) reported that supplemental UV-B treatment at 1.18 kJ m Intumescence injury, visually characterized by blister-or callus-like tumors on a leaf surface is an abiotic-stress-induced physiological disorder observed on many horticultural crops such as sweetpotato (Ipomoea batatas) (Wetzstein and Frett 1984) and tomato (Solanum lycopersicum and Solanum habrochaites) (Lang et al., 1983) , under controlled environments such as greenhouse and indoor production systems. Tumor growths are associated with abnormal cell enlargement and cell division of epidermal and parenchyma cells. While mild symptoms may be considered acceptable, the severe symptoms include necrosis of leaf tissue, leaf abscission and wilting, causing reduction of growth and aesthetic values (Lang and Tibbitts, 1983) . Recently, problematic intumescence injuries have been reported in some cultivars of tomato and their rootstock seedlings, when they are cultivated in a greenhouse covered with a certain type of covering material such as UV-blocking polycarbonate or under sole-source electric lighting, particularly under light emitting diodes (LEDs) (Wollaeger and Runkle, 2014; Eguchi et al., 2016a) . Therefore, the issue of intumescence injury could be a limitation of using LEDs for indoor production systems.
Previous studies have shown that light quality is a primary factor regulating intumescence development in tomato and sweetpotato (Lang and Tibbitts, 1983; Rud, 2009; Craver et al., 2014) . Ultraviolet radiation, especially UV-B radiation (280-320 nm) seems to be effective in preventing intumescence development. For example, Lang and Tibbitts (1983) showed that UV-B emitted from cool white fluorescent lamps (T12 type) prevented intumescence development on tomato plants grown in a growth chamber. Rud (2009) reported that supplemental UV-B with UV-B fluorescent lamps substantially inhibited intumescence development on 'Maxifort' (Solanum lycopersicum × S. habrochaites) tomato rootstock seedlings grown in a greenhouse.
For application of supplemental UV-B in commercial crop production, low intensities and doses are desired, given that the availability of UV-B light sources is limited and high intensity and dose of UV-B are harmful to human health as well as plant growth. Nevertheless, little is known of the required dose of UV-B to prevent intumescence injury. Craver et al. (2014) reported that the supplementation of UV-B around 23-42 kJ m −2 d −1 (0.6-0.9 W m −2 for 13 h) effectively reduced intumescence development in ornamental sweetpotato (Ipomoea batatas) grown in a greenhouse. However, they also reported the negative effects of UV-B on plant aesthetics, such as leaf curling and discoloration under those UV-B levels. The objective of this study is to determine the minimum UV-B dose to prevent intumescence for tomato plants. To this end, different low doses of UVtreatment were applied after the photoperiod. Daily UV-B doses were correlated with the levels of intumescence injury of tomato rootstock seedlings grown under red and blue LED light, the light quality that causes severe intumescence injury. We also examined a T5 white fluorescent lamps which emit less UV-B than T12 fluorescent lamps as a comparison.
Materials and methods

Plant materials and growth conditions
Tomato rootstock cultivar Beaufort (De Ruiter Seeds, Bergshenhoek, The Netherlands) used in this study is highly sensitive to intumescence inducing environments (Eguchi et al., 2016a) . A total of 32 seeds for each treatment were sown into a 14.5 cm × 29.4 cm cut-out section of 98-cell seedling tray (28.0 cm × 53.8 cm) filled with moist commercial substrate (Sunshine Professional Mix 3; Sun Gro Horticulture, Agawam, MA, USA) and covered with a thin layer of vermiculite. The seeded trays were placed in a growth chamber (Model 2015; VWR International, Radnor, PA, USA) controlled at 28 ± 1°C air temperature under darkness for 1 day. The seeded trays were then moved to a walk-in growth chamber (floor area: 14.8 m 2 ) set at 25/15°C for photo/dark periods, and placed under designated light treatments described below. Out of 32 plants, 12 treatment plants, surrounded by 20 border plants, were subjected to measurements described below. Air temperature measured below the leaves was recorded for each treatment with fine-wire thermocouples (type T, gauge 36; Omega Inc., Stamford, CT, USA). Relative humidity and CO 2 concentration were measured in the middle of the growth chamber using a humidity sensor (HMP110; Vaisala Inc., Helsinki, Finland) and a CO 2 analyzer (LI-800; LI-COR Biosciences, Lincoln, NE, USA). All sensors were connected to a data-logger (CR-23X; Campbell Scientific, Logan, UT, USA) scanned every five seconds and recorded at 5-min intervals. Carbon dioxide was injected inside the growth chamber when the concentration was lower than 400 μmol mol Table 1 shows the summary of light treatments. The plants were grown under 18-h photoperiod using blue and red LEDs (CCS Inc., Kyoto, Japan) with 10:90 blue-to-red photon flux ratio (400-500 nm and 600-700 nm for blue and red photon flux, respectively) or white fluorescent lamps (Sun Blaze T5 HO 48W; Sunlight Supply Inc., Vancouver ) at the plant canopy using UV fluorescent lamps (UVA-340; Q-Lab Corporation, Westlake, OH, USA). Doses of UV-B were varied by extending duration of UV light treatment: 0 (control), 1.5, 3.0 or 6.0 h after each photoperiod for daily UV-B doses of 0, 1.7, 3.3, and 6.7 mmol m −2 d −1 (0.6, 1.3 and 2.6 kJ m −2 d −1 ), respectively. The UV fluorescent lamps used in this experiment emitted wavelengths from 290 nm to 400 nm and had the peak wavelength in UV-A range (343 nm) ( Fig. 1 ; Table 1 ). Our UV-B dose reported in this experiment is for 300-320 nm due to our technical limitation for UV-B measurement shorter than 300 nm. However, the radiation in 280-300 nm emitted in these lamps is reportedly 1.3% of total UV-B (280-320 nm) and nearly 99% UV-B radiation is in the range of 300-320 nm (UVA-340 Technical Bulletin, Q-Lab Corporation). Table 1 Summary of the light treatments. 'Beaufort' tomato rootstock seedlings were grown under red and blue LEDs with different daily doses of UV-B treatment (0-6.7 mmol m −2 ) applied after the photoperiod, or under T5 cool white fluorescent lamps without UV-B treatment (WFL). Average photosynthetic photon flux (PPF, 400-700 nm), daily light integral (DLI, 400-700 nm), duration of UV radiation treatment, UV-B (300-320 nm) photon flux (PF), UV-B dose, UV-A (320-400 nm) PF, and UV-A dose are shown. C. Kubota et al. Scientia Horticulturae 226 (2017) 366-371 
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